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to U editing of sitematR-1895 by genetic mapping of an EMS induced editing mutant in Arabidopsis
thaliana. The wild type Col MEF14 gene complements mutant protoplasts. A T-DNA insertion in the
MEF14 gene abolishes detectable editing at the matR-1895 site. Lack of RNA editing at the matR-
1895 site does not alter the level of mature and precursor nad1 mRNA molecules. Such RNA editing
mutants can be used to analyse the function of genes like this maturase related reading frame in
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 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction 100 amino acids long DYW region at the C-terminus beyond theRNA editing in plastids and mitochondria of plants changes se-
lected cytidines to uridines in mRNAs. This process requires a pre-
cise targeting of the C to be altered against the background of the
many more C nucleotides remaining unaltered. This is probably
achieved by a cooperative binding of sequence elements located
in cis in the unedited mRNAs by trans-acting proteins [1–7].
In the past few years several such trans-acting factors have been
identiﬁed to target single or few speciﬁc sites. All of these factors
belong to the class of the pentatricopeptide repeat proteins (PPR
proteins). The PPR proteins form a large family with about 450
members encoded in the nuclear genomes of ﬂowering plants
[8–10]. According to the subtype of repeat of ±1 amino acid and
additional C-terminal extensions, PPR subgroups have been recog-
nized. The factors involved in RNA editing in mitochondria and
plastids belong to the PLS family and have a C-terminal extension
(termed E for extension).
Among these E class editing proteins are the mitochondrial
MEF9 (mitochondrial editing factor) [11] and MEF18, MEF19,
MEF20 and MEF21 proteins [12] and several plastid RNA editing
factors [13–20]. Other trans-factors such as the Arabidopsis mito-
chondrial editing proteins MEF1, MEF11 and MEF22 as well as
the OGR1 factor in rice [12,21–23] contain an additional aboutchemical Societies. Published by E
. Verbitskiy), barbara.haerte-
de (A. Zehrmann), mo.bo@
.de (M. Takenaka).E domain.
Several of these PPR proteins have been characterized through
analysis of the physiological and growth phenotypes of their mu-
tants and have only then been recognized as trans-factors for spe-
ciﬁc RNA editing events in plastids or mitochondria (e.g. [15]). For
a direct forwards genetics approach to identify such nuclear en-
coded proteins required for individual RNA editing sites we have
initiated a screening procedure of EMS mutagenized plants for mu-
tants with defects in speciﬁc RNA editing events [24]. This ap-
proach is greatly facilitated by the identiﬁcation of all of the
trans-factors so far characterized being such E or DYW type PPR
proteins. Now a rough mapping of the genomic locus often sufﬁces
to locate the responsible gene if only few such E or DYW type PPR
proteins are encoded in the delineated region of a given
chromosome.
Here we identify the DYW type PPR protein MEF14 to be re-
quired for RNA editing of thematR-1895 site in plant mitochondria
by mapping of a single EMS mutated nucleotide. This mutation al-
ters an amino acid in the MEF14 RNA editing factor in Arabidopsis
thaliana and inhibits RNA editing speciﬁcally at this site.2. Materials and methods
2.1. Plant material and preparation of nucleic acids
A. thaliana seeds for the Columbia (Col) ecotype were kind gifts
of J. Forner and S. Binder (Universität Ulm). The EMS mutantlsevier B.V. All rights reserved.
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(Lehle Seeds, USA). The T-DNA insertion line of A. thaliana was ob-
tained from the TAIR resources. Growth of the A. thaliana plants
and preparation of DNA or RNA from the leaves were as described
[25]. Seeds were sown as obtained, selfed and the T-DNA insertion
sites were veriﬁed by PCR. Development of the homozygous plants
was monitored and compared to wt Col plants.
2.2. SNaPshot assays and mutant analysis
The EMSmutant lines were screened by multiplexed single base
extension [24] for plants with altered RNA editing at speciﬁc sites.
Plants were ﬁrst analysed in pools of 10 from which the deviant
plants were recovered. In the identiﬁed individual plants, the com-
promised RNA editing phenotype was veriﬁed by cDNA sequence
analysis. Sequences were obtained commercially from 4base lab,
Reutlingen, Germany or from Macrogen, Seoul, Korea.
2.3. Analysis of RNA editing sites
Speciﬁc cDNA fragments were generated by RT-PCR ampliﬁca-
tion by established protocols [26]. The cDNA sequences were com-
pared for C to T differences resulting from RNA editing.
2.4. Protoplast complementation assays
Protoplasts were prepared from 3 to 4 weeks old plantlets of the
EMSmutant linemef14-1 by themethod of Yoo et al. [26]. Transfec-
ted genes, including the unrelatedMEF11 as control and theMEF14
wt Col reading frame, were expressed from the 35S promoter in
vector pSMGFP4. Efﬁciency of the transfection was monitored by
signals from separately introduced or co-transfected GFP genes in
the cytoplasm. Typically the GFP ﬂuorescencewas detected inmore
than 80% of the transfected protoplasts. Total RNA was isolated
after 20–24 h incubation at room temperature. RNA editing levels
were estimated by the relative areas under the respective nucleo-
tide peaks in cDNA sequence analyses after RT-PCR.
2.5. Mitochondrial RNA analysis
For the investigation of splicing in the mitochondrially encoded
nad1 transcripts, total cellular RNA was puriﬁed by a standard pro-
tocol [25]. The RNA was size-fractionated on a glutaraldehyde gel,
transferred to a nitrocellulose membrane and hybridized with a
denatured 32P-labelled RT-PCR product of the mature nad1 mRNA
and the matR coding sequence, respectively.3. Results
3.1. Screening for a mutant defective in editing at site matR-1895
The gene coding for MEF14 (mitochondrial editing factor 14)
was identiﬁed by a forwards genetic screen of RNA editing at spe-
ciﬁc sites in plant mitochondria in a population of chemically
mutagenized A. thaliana ecotype Columbia plants. This search
was done with a multiplexed single nucleotide extension protocol
[24]. Among other sites we screened for mutant plant individuals
deﬁcient in editing at any of the identiﬁed sites in the mRNA from
the matR gene, which codes for an open reading frame in plant
mitochondria with similarity to intron maturases (Fig. 1). We iden-
tiﬁed one mutant plant,mef14-1, in which RNA editing at thematR-
1895 site is lowered from about 100% in wt plants to about 30%
(Fig. 2, right part mef14-1). The other sites in the same transcript,
as an example matR-1807 is shown (Fig. 2), and about 360 sites
in other mitochondrial mRNAs are edited normally in the mutant.3.2. Identiﬁcation of the MEF14 gene
To locate the gene locus affected by the mutation in MEF14, the
mutant line mef14-1 in the A. thaliana Columbia ecotype (Col) was
crossed with wild type plants of ecotype Landsberg erecta (Ler). All
F1 plants show full editing at site matR-1895, suggesting that
mef14-1 is a recessive allele. From the F2 generation, about 100
plants were screened for individuals with the mutant phenotype
at site matR-1895. The mutant and thus presumably homozygous
plants were mapped with Ler and Col speciﬁc markers for cosegre-
gation during cross-over events. This analysis identiﬁed a region of
about 2.5 Mb on chromosome 3 for the mutant allele (Fig. 1).
In this region 10 genes are annotated to code for PPR proteins, 4
of these are P type PPRs, 5 are characterized by an additional E
extension and only one contains a DYW domain (Fig. 1). Since this
latter, At3g26780, is one of the most likely candidate genes, it was
sequenced ﬁrst and the mutant and the respective wild type se-
quences were compared. A single nucleotide was found to be dif-
ferent from the wt sequence of Col. This C to T transition
characteristic of EMS mutations alters an aspartic acid codon to
an asparagine triplet (Asp455Asn) in the C-terminal PPR repeat
in the mutant line mef14-1 (Fig. 2; mef14-1).
For an independent conﬁrmation that this protein encoded by
At3g26780 indeed is the MEF14 factor, we analysed the status of
RNAediting at thismatR site in aT-DNA insertion line, SALK_131077.
In this line, the reading frame encoded by At3g26780 is interrupted
by a T-DNA insertion in one of the central PPR repeats (Fig. 2, lower
part;mef14-2). RNAeditingat sitematR-1895 is completelyabsent in
the homozygous plants (Fig. 2, sequence trace ofmef14-2), conﬁrm-
ing the identiﬁcation of At3g26780 as the locus encodingMEF14. As
in the EMSmutantmef14-1, another site 88 nucleotides upstream in
the same transcript,matR-1807, is edited normally also in this mu-
tant (Fig. 2, bottom part) which was accordingly namedmef14-2.
3.3. The wild type MEF14 gene increases RNA editing in mutant
mef14-1
To further conﬁrm theMEF14 gene as an RNA editing factor nec-
essary for the matR-1895 site, we investigated the ability of this
gene to complement the editing defect in protoplasts from the
mef14-1 mutant. The Col wild-type MEF14 gene was cloned under
the control of a 35S-CaMV promoter. When this construct was
transfected into the mutant protoplasts, the ability for RNA editing
at site matR-1895 was enhanced (Fig. 3, +At3g26780). The editing
factor MEF11, which is involved in editing the three sites nad4-124,
cox3-422 and ccb203-344 [23], does not alter the editing level of
site matR-1895 in control transfections (Fig. 3, +MEF11). These re-
sults show that the MEF14 gene is indeed involved in and required
for RNA editing at site matR-1895.
3.4. Phenotypes of the mef14-1 and mef14-2 mutant plants
Both mutant lines mef14-1 and mef14-2 display a normal
growth phenotype under standard growth chamber conditions.
Comparison of general phenotypic parameters like sizes and
shapes of leaves, their numbers at the time of bolting, ﬂower
shapes and numbers, times of bolting and ﬂower set as well as seed
set revealed comparable characteristics between both mutants and
the Col wt plants within the range of normal variation. These
observations suggest that the lack of editing at sitematR-1895 does
not strongly effect mitochondrial functions in the plant.
3.5. Orthologs of MEF14 in other plant species
A database screen for similar sequences revealed orthologs of



















































































Fig. 1. Mapping of an EMS mutation in a plant line affected in RNA editing at one speciﬁc site in thematRmitochondrial RNA. Top part: A SNaPshot screen of an EMS mutated
population of Arabidopsis thaliana plants identiﬁes a mutant with diminished editing at site matR-1895. Shown is a second round SNaPshot of two pools of eight plants each,
pool 12 containing the mutant plant as detected by the blue C signal. Pool 1 contains only wild type plants which are fully edited at site matR-1895 and thus show only the
green T peak. The red signal comes from a different editing site also analysed in this assay. Lower part: Mapping of about 100 F1 plants narrowed the location of the EMS
mutation responsible for the lower editing at matR-1895 to be located between two Ler/Col SNPs at 8.67 and 11.2 Mb on chromosome 3. Locus At3g26780 shown in red
encodes the only DYW PPR protein in this region, the other nine PPR proteins encoded in this genomic window are either E or P type proteins as indicated in brackets.
mef14-1








Fig. 2. Identiﬁcation of the MEF14 gene and the mutation in the EMS line mef14-1. Sequence analysis of the At3g26780 locus encoding a DYW PPR protein reveals in the
mutant plant line an Asp to Asn amino acid change at residue 455 caused by a C to T transition typical for EMS induced lesions. This mutation reduces RNA editing in the
mef14-1 mutant to about 30% at site matR-1895 but does not affect site matR-1807. The T-DNA insertion in a SALK line renamed mef14-2 completely disables MEF14 and no
editing is detectable at sitematR-1895. These two independent mutant lines conﬁrm the identiﬁcation of the gene for MEF14. Color traces are: G-black, A-green, T-red, C-blue.
Fig. 3. Introduction of the Col wild type version of the MEF14 gene into mef14-1
mutant protoplasts enhances RNA editing in the mutant. Mutant protoplastsmef14-
1 transfected with the MEF11 gene which is involved in editing of other sites shows
no detectable increase of the about 30% editing at the MEF14 target sitematR-1895.
Editing at this site is enhanced upon introduction of the MEF14 wild type gene to
more than 45% conﬁrming the identiﬁcation of the MEF14 gene. A repeat of the
assay yields very similar results as shown by the bar graph with standard deviation
bars. Color traces are: G-black, A-green, T-red, C-blue.
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06.1). The most similar PPR protein sequence to the Arabidopsis
MEF14 is the vine sequence which shows an overall percentageof about 60% identical and about 70% similar amino acids. While
the genomic prediction for Arabidopsis identiﬁes one intron, the
vine annotations suggest in an additional intron just after the third
repeat from the start codon. This would create a gap in the align-
ment of the MEF14 proteins from the two plants, which is not pres-
ent if the coding sequence continues uninterrupted (not shown).
We therefore conclude that vine MEF14 ortholog only contains
the same single intron as do Arabidopsis, poplar and rice.
As noted in comparisons of orthologs of other MEF proteins and
with plastid editing PPR proteins, the C-terminal PPR repeats just
before the E domain are most highly conserved also in the
MEF14 proteins. If – as suggested by the better evolutionary con-
servation – these repeats indeed have a special function, this
may explain the strong effect of the mutation in the EMS mutant
mef14-1 on editing, since the amino acid altered is located in this
terminal PPR repeat. Furthermore, the aspartic acid at position
455 is conserved in all four plant species and thus may be function-
ally important. The effect of the change to an asparagine inmef14-1
on editing at matR-1895 conﬁrms this conclusion.
Fig. 4. Comparison of nucleotide and amino acid conservation around the matR-1895 editing site affected in the mef14-1 and mef14-2 mutants. The left alignment compares
the nucleotide conservation around the editing site targeted by MEF14 between Arabidopsis and other plants including four dicots and one monocot. Nucleotide 1895 is
indicated by its position from the AUG. This and other documented RNA editing events are shown as bold unedited C-nucleotides. The amino acid alignment on the right
shows the high conservation of shared amino acids between the different plant species at and around amino acid 632 which is affected in the mef14 editing mutants. Amino
acid residues altered by RNA editing events are boxed. Sequences are shown 5’ to 3’ or N- to C-terminus from left to right. In the lower part the target site matR-1895 is
aligned with an editing site with ten additional identical nucleotides in the presumed cis-recognition region, nucleotide 304 in the ccb206mRNA (bold C). This site is however
not affected in the mef14 mutants and thus most likely not a target of MEF14. Identical nucleotide identities are shaded.
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To address all 400–500 RNA editing sites in mitochondria of
ﬂowering plants, the about 200 E and DYW PPR proteins will on
average have to target more than one site. For several editing sites
in mitochondria and plastids, in vitro and in organello investiga-
tions have identiﬁed the cis-elements in the RNA context to occupy
the region between 20 or 25 nucleotides upstream (50) to 1 or 3
nucleotides downstream (30) of the edited C [2–7,27,28]. In extrap-
olation, for the site matR-1895 affected in the mef14 mutants, a
similar extent of the recognition sequences may be expected. We
ﬁrst investigated potential additional targets by looking for similar
sequences in the 25 to +5 window around other editing sites as
the most likely potential targets. Similar sites such as the editing
event at nucleotide ccb206-304 (Fig. 4, bottom alignment) were
tested in the mef14 mutants, but none show any defect in editing.
Searching unbiased for editing sites in silico the sequence of the
mitochondrial genome of Arabidopsis for motifs similar to the se-
quences surroundingmatR-1895, scattered shared nucleotide iden-Fig. 5. Processing of the mitochondrial nad1-matR mRNA is not affected by the
mutations in MEF14. The transcript patterns of the mitochondrial nad1 gene are
compared between Col wild type and the mef14 mutants by RNA blot analyses. The
nad1 gene encodes the intronmaturase related open reading framematR in the group
II intron between exons d and e. The hybridization signals of the matR (on the left
hand) and the nad1 exon speciﬁc probes (on the right hand) show comparable
patterns and similar amounts of the respective precursors and mature transcripts in
Col and the respective mef14 mutants mef14-1 and mef14-2. The source of the
respective total cellular RNA preparation is given above each lane. The various rRNAs
are visible upon staining with methylene blue (respective left panels) and the
positions of DNA size standards are indicated alongside in kilobasepairs.tities are found but no common pattern. If further editing sites are
addressed as targets by the MEF14 PPR protein, their roles or
requirements are readily substituted for by other factors. In addi-
tion, other target sites may show less overall but crucial shared
cis-motifs which escaped our analysis. It is therefore possible that
MEF14 only targets a single editing site, while additional sites can-
not be rigorously excluded at present.
4. Discussion
4.1. The RNA editing site matR-1895 is conserved between plants
To evaluate the functional importance of this editing site matR-
1895, we compared the degree of evolutionary conservation be-
tween different plant species (Fig. 4). This analysis shows that at
the matR-1895 site the editing event is highly conserved in all
ﬂowering land plants aligned with the exception of Oenothera
berteriana, in which no U generated by RNA editing has been re-
ported. This may have to be re-evaluated, since the encoded amino
acid sequence is well conserved and in sugarbeet, Beta vulgaris, a T
resp. U is genomically encoded. Alignment of the amino acids sur-
rounding the residue affected by editing event matR-1895 shows
that the protein sequences are well conserved (Fig. 4, right hand
alignment). Such a degree of conservation of the amino acid infor-
mation suggests that this region is important for the functional
protein products, the MATR proteins. Indeed, this leucin codon al-
tered by the lost editing is located in the C-terminal region of a
consensus motif within domain X in group II intron maturases
which is conserved also outside of higher plants [29]. This domain
X is probably involved in the excision of the intron by binding to
the unspliced RNA.
4.2. RNA editing mutants may be tools to analyse the function of MATR
The function of the MATR proteins is still unclear. Their similar-
ity with bona ﬁde maturases in other organisms suggests analo-
gous activities as intron maturases or splicing (co-)factors.
Mutants in nuclear encoded speciﬁcity factors of RNA editing such
as the here reportedmef14mutants in effect represent point muta-
tions in the targeted mitochondrially encoded protein(s). At highly
conserved sites these nucleotide and concomitant amino acid
changes can be expected to have an effect on the function of the
protein. The mef14 mutants do not show any gross physiological
phenotype and northern analysis reveals no obvious defect in the
transcript pattern of nad1 and matR (Fig. 5). The matR gene is
704 D. Verbitskiy et al. / FEBS Letters 585 (2011) 700–704encoded between nad1 exons d and e and the likely candidate in-
tron for MATR splicing support would be its own home intron.
Even if these mutants of MEF14 have no effect on any mito-
chondrial splicing event, mutants of other MEF proteins may yield
insights into MATR functions. The other mutant affected in editing
of a matR site unfortunately displays increased editing at one site
[30]. Nevertheless this approach may circumvent the absence of
primary mitochondrial mutants in the matR and other plant mito-
chondrial genes.
4.3. EMS populations yield ‘‘soft’’ RNA editing mutants
The residual RNA editing of about 30% in the EMS mutant
mef14-1 shows that the single amino acid exchange partially af-
fects the function of the MEF14 PPR protein. This is the more unex-
pected since asparagine, the amino acid speciﬁed by the EMS
mutated codon, is present at this position in many other PPR pro-
teins. Both amino acids D and N are very similar in their properties
and the lower level of editing will have to be explained. This may
be due to disturbed RNA binding or as yet unidentiﬁed interac-
tion(s) of MEF14 with other protein(s). Resolution of the step in
the RNA editing process altered by soft mutations such as this
mef14-1 and of how editing is altered, through slowed initial con-
nection, inhibited detachment or lower afﬁnity has the potential to
yield further detailed insights into the RNA editing process and its
mechanistics.
Although the knock-out by the T-DNA insertion ofMEF14 is via-
ble, it does conﬁrm our rationale for investigating an EMS mutated
population for RNA editing mutants. Mutant mef14-1 shows that
such EMS mutants may yield intermediate editing phenotypes
and thereby can provide affected yet viable plants when knock-
outs are lethal and cannot be investigated directly. In these in-
stances such EMS mutants will allow to determine the function
of the affected MEF gene.
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